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Can hazardous waste become a raw material?: the case study of an 
aluminium residue 
 
 
Good morning ladies and gentleman, Mr Chairman, first of all let me express my gratitude to the 
organizers of this conference, Kavaq Business Intelligence, for very kindly inviting me here today. My 
name is Dr. Aurora López-Delgado (alopezdelgado@cenim.csic.es) and I have developped my 
profesional activity as a Research Scientist, within the Environmental and Recycling Research Group, 
We are a small group made up of 4 scientists and 4 technical assistants. I’d like to invite you to visit 
our web page. www.medioambienteyreciclado.com. We work at the National Centre for Metallurgical 
Research (www.cenim.csic.es) belonging to the National Council of Scientific Research, 
(www.csic.es) the main public organization, dedicated entirely to research in both science and the 
humanities and which comes under the Ministry for Science and Innovation. 
 
My aim today is to meet the challenge I have proposed in my conference speech “Can hazardous 
waste become a raw material?” A subject we’ve been researching over the last few years, concerning 
the particular case of an aluminium residue.  
 
In general terms, the sustainable development of industrialised countries hinges on the adoption of 
environmentally-friendly measures that affect both production and resource use systems as well as the 
generation and management of waste products, including all the intermediate manufacturing processes. 
Increasingly restrictive environmental policies seek fundamentally to eliminate or reduce waste 
generation and pollution. Recycling is today, acknowledged to be a rational way of making use of 
resources that would otherwise end up being dumped and/or discarded. 
 
ALUMINIUM
? It is found in the form of :
CHARACTERISTICS
? Electrical and heat conductivity
? Low density
? Complete recyclability
? Softness, lightness and strength
? Corrosion resistance
? Low melting point
- Silicate
- Mixed with other
chemical elements?Bauxite ⇒ Main ore
- Oxide
? It is the third most abundant metal in the earth’s crust : 8%
 
 
Aluminium is one of the most recycled metals and has many applications in modern society due to its 
unique combination of characteristics: softness, lightness and strength; excellent electrical and heat 
conductivity; corrosion resistance; low density and low melting point; and its complete recyclability. It 
is also the third most abundant metal in the earth’s crust after silicon and the lightest after magnesium. 
Aluminium is highly reactive and oxidises easily in the air, so it is always associated with its oxide 
which protects it from corrosion. Aluminium is found in the form of oxides, silicates, and mixed with 
other chemical elements, its main ore being bauxite.  
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Primary Production
Bauxite Mining
Alumina Production / Bayer Process
Hall Heroult - Electrolysis
Casting
4 t
2 t
1 t
 
 
Primary aluminium is obtained from its main raw material, bauxite, by electrolytic reduction of 
alumina dissolved in a cryolite bath (Na3AlF6). Of course aluminium oxide and aluminium hydroxide 
are also produced from bauxite. Bauxite has to be processed into pure aluminium oxide (alumina) 
before it can be converted to aluminium by electrolysis. This is done using the Bayer chemical process 
in alumina refineries. Four tonnes of bauxite are required to produce two tonnes of alumina which in 
turn produces one tonne of aluminium in the primary smelter. 
 
aluminium powder
aluminium sodium fluoride 
Annex 1 of the European Economic Union Council (EEC) Directive 67/1548
aluminium phospide
International Agency for Research on Cancer (IARC)
aluminium production
environmental problems 
red mud
atmospheric emission of fluorides
high water and energy consumption
 
 
Few compounds of aluminium such as aluminium powder and aluminium sodium fluoride as well as 
compounds in which the anion renders them reactive such as aluminium phospide are classified as 
toxic in The Annex 1 of the European Economic Union Council (EEC) Directive 67/1548, 
nevertheless this industry is considered to be one of the most polluting. Besides, although aluminium 
has not been classified with respect to carcinogenicity, however, its production has been classified as 
carcinogenic to humans by the International Agency for Research on Cancer (IARC).  
 
The major environmental problems facing the primary aluminium industry are the production of red 
mud, the atmospheric emission of fluorides, and the high water and energy consumption. Recent 
technological improvements have seen the energy cost of producing one ton of aluminium drop to 
15,000 kW, but that is still a hell of a lot of energy, on top of which must be added the energy 
consumed in transporting the metal around the world. A lot of research have been carried out over the 
years, aimed at the reduction, the recycling or the reutilization of its solid waste, but this is outside the 
scope of my speech today.  
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Aluminium is the most widely used non-ferrous metal ?
50 million tons are consumed each year worldwide  
 
Aluminium is the most widely used non-ferrous metal. Close to 50 million tons of aluminium metal 
were consumed in 2006 in packaging, cars, aircraft, buildings, machinery and thousands of other 
products. Transportation uses are one of the fastest growing areas for aluminium use. It is difficult to 
imagine our life- of course I means, in industrialized countries-, without aluminium-made-devices.  
But when these products reach their end of their useful life they become scrap.  
 
 
 
As a result, over the last few decades, a new industry has grown up. This is the secondary industry, 
that has developed means for using this scrap as its raw material.  
 
furnace
casting
scrap receiving park
aluminium ingots  
 
Secondary aluminium is obtained by a process involving the melting of aluminium scrap and other 
materials or by-products containing this metal, and the technologies used vary from one plant to 
another depending on the type of scrap, oxide content, the impurities, etc. These factors also influence 
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the fluxes that are used to maximise the recovery of aluminium. This industry is based on Refiners and 
Remelters, which produce casting alloys and wrought alloys respectively. Aluminium scrap is defined 
in two categories: new and old scrap.  
 
Secondary Production
Scrap
Refiners
(153)
Casting alloys
Remelters
(123)
Old and New Scrap
Dross
New Scrap
Wrought alloys
International Aluminium Institute in 2006 : “16 million tones of total world 
production of aluminium came from the secondary industry”. 
 
New scrap is the surplus material that is discarded during the manufacturing of aluminium alloys. Most 
new scrap reaching the recycling industry comes directly from the manufacturing industry. It is usually 
of known quality and composition and it can therefore often be melted down with little preparation. 
Old scrap consists of products which have reached the end of its useful lifes. Such scrap includes e.g. 
used beverage cans, car cylinder heads, window frames from a demolished building or old electrical 
conductors. Old scrap comes to the recyclers via a very efficient network of metal merchants, 
collectors, dismantlers and scrap processors who have the technology to separate aluminium from 
motor vehicles, household appliances and other items. This is often done using heavy equipment such 
as shredders, normally together with magnetic separators to remove iron, and sink-and-float 
installations to separate the aluminium from other materials by density. 
Aluminium scrap from different production processes or from end of product life waste is a secondary 
raw material with markets throughout the world. In general terms, 1ton of old scrap produce 0.5-0.7 
tons of aluminium ingots. But if the aluminium content of the scrap is lower, then a greater quantity is 
required to produce the same weight of aluminium ingots.  
We should note that, according to the International Aluminium Institute in 2006 “16 million tones of 
total world production of aluminium came from the secondary industry”.  Then, is scrap perhaps the 
best example of how waste can become a raw material?  
 
In Europe, there are 153 refiner plants and 123 remelter plants. In the table we can see the evolution of 
secondary production. I would like to highlight countries such as Germany, Italy and Spain, in which 
secondary aluminium production has been practically doubled in the last ten years. So Germany has 
gone from 432 to 837 thousand tons, Italy from 443 to 703 thousand tons and Spain from 173 to 
345thousand tons. These data come from the Organization of European Aluminium Refiners and 
Remelters. (OEA) 
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The production of secondary aluminium is increasing year by year. As an example, the aluminium 
drink can is the world's most recycled container - more than 63% of all cans are recycled worldwide. 
 
The 2006 recycling production in Europe was 5.2 million tonnes of recycled aluminium. About 40 
percent of European aluminium demand is satisfied by recycled material. And the greatest amount of 
this is used in the automotive sector. 
 
Several advantages of the recycling of aluminium 
avoid the extraction of new raw material
manufacture the same products that primary material,
Indefinite recycling process
energy saving
far fewer environmental problems
Recycling production in Europe (2006) : 5.2 million tonnes
? 40 % European aluminium demand
The greatest amount of recycled aluminium: automotive sector
The aluminium drink can is the world's most recycled container (63%)
 
 
The recycling of aluminium has several advantages, not only does it avoid the extraction of new raw 
material, but it  can also be used to manufacture the same products that are obtained with the primary 
material, and the recycling process can be continued indefinitely, without any loss of quality. Besides, 
the use of recycled aluminium supposes a great energy saving, since it needs only 5% of the energy 
required to produce the primary metal, and involves far fewer environmental problems. 
 
But it is obvious that the secondary industry also produces waste such as slag.  
 
So a new industry has come into being, the tertiary industry, whose business is to obtain marketable 
products from slag milling. Then, for this industry slag becomes a new raw material which can be 
considered another example of waste being treated as raw material. 
Generally speaking, the treatment of secondary aluminium slag consists of milling, shredding and 
subsequent granulometric classification. The slag is milled in autogenous mills, an operation that can 
be carried out in hot or cold conditions, thus obtaining different products of varying quality.  
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Cyclone and 
sleeve filter
Milling instalation
Cold slag before milling
Bags of
Aluminium waste
fines  
 
A scheme of the slag milling process is shown in the figure, which includes the feed system, the mill, 
the sleeve filters and cyclone, and also a magnetic separator to separate the ferrous fractions. 
 
Cyclone
Sleeve filter
Autogenous mill
Feed hopper
Feed 
system
Magnetic separator
Aluminium waste
Fines
Blower
Scheme of aluminium slag milling installation
 
 
In table, we can see, an example of the different granulometric fractions obtained by milling  
 
64
30
24
27
21
5.5 (mm)
0.22 (mm)
0.08 (mm)
49 (μm)
12 (μm)
2.6 (mm)
0.1(mm)
0.03 (mm)
18 (μm)
3 (μm)
M1
M2
M3
W1
W2
d90d50Samples
Granulometry and aluminium content of different
fractions obtainied by milling slag
Al soluble 
(%)
58
23
14
15
14
Almetal
(%)
 
 
The coarsest fractions have a higher metallic content and are commercialised for various uses within 
the aluminium industry or in other metallurgical industries such as synthetic slag and deoxidisers in 
ladle metallurgy. Besides these marketable fractions, milling also generates powdery solids of a very 
fine grain size which are captured by suction systems and treated in sleeve filters. Two examples of 
waste fines with values of d90, ranging from 12 to 49 micrometers are shown in the table. We also can 
see the aluminium metal content of samples according to the granulometry.  Concerning the total 
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content of aluminium, for marketable fractions, the range is between 60-75% and for waste fines, it is 
generally lower than 50%.  
 
The waste product that I want to consider in this speech is these fines of less than 50 μm, 
 
This prompt the question, why are we interested in this fine product? 
 
Let me, from now on, refer to this waste product as hazardous aluminium waste, H- A-W or simply 
HAW. 
2Al + 3H2O   ?3H2 (g) + Al2O3
2AlN + 3H2O   ? 2NH3 (g) + Al2O3
Al4C3 + 6H2O ? 3CH4 (g) + 2Al2O3
Al2S3 + 3H2O   ? 3H2S (g) + Al2O3
Reactivity with H2O of HAW
HAW is a toxic and hazardous waste according to EPA, EU ? H12
Amount of HAW generated: around 13 kg/t of scrap
Bags of HAW 
waiting to be treated
 
 
The United States Environmental Protection Agency and the European Union classify this material as 
a hazardous residue, among other reasons because of its poor chemical stability. European legislation 
defines the waste as H12, because of its spontaneous and exothermic reactivity with water and 
environmental humidity, thus generating hydrogen, ammonia, methane and hydrogen sulphide 
according to the reactions shown in the slide. The presence of these phases in the slag, and 
consequently in the HAW, depends on the type of furnace used and above all on the atmosphere inside 
the furnace, together with the type and quality of the scrap used in each installation. 
 
The amount of HAW generated is estimated in general terms at around 13 kg/t of treated aluminium 
scrap, which means around 300-500 thousand tonnes is produced in the world. This sounds small 
amount in comparison to other waste, and so it was traditionally stored in secure sites. However, about 
ten years ago, in Spain, this type of management began to be questioned, and it became more difficult 
for this waste to be accepted in landfill sites due to episode of spontaneous ignition triggered by an 
aluminothermy process within the HAW.  
 
In consequence, managers of landfills refuse to accept this waste which begun to be store in the yards 
of the producers. In addition to this, the enforcement of the new European Directive on waste landfills 
(European Directive 2001 COM (97) 105 final; 97/0085 (SYN)) and the implementation of the 
Directive on “Integrated Pollution Prevention and Control” (IPPC), which establishes the obligation to 
transform hazardous wastes into inert materials before storage, made it necessary to develop 
pretreatment processes prior to the dumping of these waste materials. 
 
But before continuing, let’s look up something about HAW. 
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Chemical and mineralogical composition
of HAW
(%)
25-40 Altotal
15-25 Almetal
1-3 C
0.2-1 S 
1-6 N
6-11 SiO2
1-3 Ca
2-5 Mg
1-3 Na
0.2-1 K
0.5-2 Fe 
1-5 F
Minor Zn, Cu, Pb, Ni,…
Al metal
spinel
corundum
aluminum nitride
aluminum carbide 
aluminum sulfide
Si metal
quartz 
silicates
fluorides
chlorides
iron oxides
 
 
HAW is a powdery solid, of a grey colour and a characteristic odour (derived from its aluminium 
nitride, carbide and sulphide contents) which generally presents a very fine granulometry, as we saw 
before.  The chemical composition is presented in this table and it varies according to the type and 
quality of the processed scrap, the classification and trapping methods used, etc. The aluminium 
content is distributed in several mineralogical phases: metal, spinel, corundum, nitride, carbide, sulfide 
etc. Silicon is observed as metal, quartz and silicates. And beside other phases as fluorides, chlorides 
and iron oxides can be also included. 
 
With this idea in mind, our first thought was to develop a process of stabilisation/solidification of 
HAW which could be used as pretreatment for the disposal of the waste. The aim of our study was to 
obtain less reactive materials than the initial waste, and achieving mechanical properties that facilitate 
its handling, transportation and acceptance in landfills in accordance with the new European Directive.  
 
The procedure followed to study the stabilisation/solidification of HAW consisted of mixing the waste 
with commercial gypsum in different proportions and subsequently setting the mixture with water. The 
stabilisation procedure is based on the strong dehydrating action of calcium sulphate during the setting 
process. As a result, Aluminium metal and the compounds of aluminium which react with water such 
as nitride, sulphide, etc are hydrolysed to form aluminium oxide.  
 
Stabilization/solidification process of HAW
Spanish patent nº ES2197797B1 (2004)
López FA, López-Delgado A. 
Procedure for the stabilization/solidification of an aluminiun residue.
gypsum H2O
1º Hydrolysis of HAW (Al /AlN)
2º Hydration of CaSO4
Gases
Al2O3 + CaSO4.2H2O
For sample HAW/Gypsum 50/50 
the emissions of Ammonia and 
Hydrogen are reduced 85 and 
73%, respectively; the 
remainder aluminium metal is 
non-reactive.
 
 
Of course the gases generated in the process must be captured, but the final product consists 
fundamentally of alumina, gypsum, spinel and quartz.  
The appearance of these final products is shown in the slide. Their colour varies between the light 
colouring of the pure gypsum specimen to a dark grey colour in the specimens with the highest HAW 
content. This process was patented. (Spanish patent nº ES2197797B1  2004, López FA, López-
Delgado A. Procedure for the stabilization/solidification of an aluminiun residue).  
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Concerning the reactivity of the final product, relative with ammonia and hydrogen emissions, it was 
seen that a relatively low gypsum addition, ~20%, produces an important decrease of close to 70% in 
ammonia emissions. This decrease grows with the proportion of gypsum in the mixture, and thus for 
proportions of HAW/Gypsum 50/50 the decrease in ammonia emissions was greater than 85%. 
 
In the case of hydrogen emissions, which are related to the aluminium metal content, the decrease was 
more than 70% for a HAW/Gypsum ratio of 50/50. And besides, the remaining Al contents did not 
present reactivity, because during the process, the aluminium grain becomes coated with a hydrolysed 
aluminium layer that protects it from possible subsequent contact with water. 
 
Consequently it may be said that the stabilisation/solidification of Haw with gypsum produces the 
hydrolysis of both the aluminium nitride and the metallic aluminium contained in the waste, to such an 
extent that its reactivity is very significantly reduced. 
 
The mechanical properties (compression strength, flexion resistance and Brinell hardness) for the 
specimens prepared with different waste/Gypsum ratios are shown in the figure in comparison with the 
value of commercial gypsum set in the same experimental conditions. 
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For samples with HAW proportions of less than or equal to 50%, the 
specimens obtained possess better mechanical properties than 
commercial gypsum.
For proportions of above 50% only flexion resistance was lower than 
that of gypsum. 
Mechanical properties of samples HAW/gypsum
Gypsum
AHW/
Gypsum
(50/50)
SEM
 
 
The compression strength is higher for samples obtained with the waste than that corresponding to 
pure gypsum, irrespective of the dust content of the mixture. Although some variations are observed as 
a function of the dust proportion, these are not very significant, and the average value may be said to 
be between 13-16 N/mm2.  
 
In the case of flexion resistance, up to a dust proportion of 50% in the mixture, the values obtained are 
higher than that corresponding to Gypsum (3.3 N/mm2), with an average of between 4-5 N/mm2. For 
higher dust percentages the flexion resistance value is lower.  
 
As for the Brinell hardness, it increases with the amount of dust in the mixture, and even with the 
lowest proportions is higher than the value corresponding to Gypsum (15.6 ±0.3 N/mm2). 
It may thus be said that with HAW proportions of less than or equal to 50%, the specimens obtained 
possess better mechanical properties than commercial gypsum. For proportions of above 50% only a 
reduction in flexion resistance is observed.  
 
Scanning electron microscopy showed the greater compactness of the grains for samples obtained with 
HAW and Gypsum in comparison with that of pure gypsum. This greater densification may explain 
why the mechanical properties of the agglomerates are better than the gypsum. This is also favoured 
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by the fine granulometry of the waste and by its alumina and magnesia contents; factors that favour the 
hydraulic characteristics for agglomeration.  
 
? Simplicity ⇒ Low installation costs
?The obtaining of inert material
? Efficiency from the environmental viewpoint
?% HAW < 50% ? possibility of obtaining materials suitable for
use in the field of civil engineering
? %HAW>50% ? dumping in inert landfill
The S/S process of HAW with gypsum is characterised by:
 
 
As a conclusion, we can say that stabilisation/solidification of HAW with gypsum is a viable process 
that may to a certain extent be used for the inertisation of this residue, since materials of very low 
reactivity are obtained. Nevertheless, going beyond the envisaged objectives for the treatment of this 
waste product, that is, not just being limited to its inertisation but thinking of a possible future 
application of the inertised material, stabilisation/solidification with gypsum opens up an attractive line 
for development. This is a novel procedure in the sense that gypsum is not normally used in S/S 
processes, where cement is the most widely used material. However, in the case of HAW, in prior 
testing it was observed that the setting of cement was impeded, probably by the salt contents. The 
mechanical characteristics of the specimens obtained with more than 50% gypsum contents are even 
better than those of commercial gypsum and the inertisation grade achieved is very high. These two 
factors suggest that it may be suitable for reuse as a secondary material in different industries, for 
which this would be a very interesting line for future research. Logically, if what is needed is to dump 
the residue in a landfill site, then it is most interesting to inertise the greatest possible amount of 
residue using the smallest amount of gypsum. The specimens obtained with 70 or 80% waste contents 
present suitable characteristics for the storage, transportation and management of the residue, while 
presenting much lower values than the initial waste in terms of the parameters that characterise it as 
hazardous.  
 
Looking for applications of Haw, we studied the materials could be of interest to iron-steel making 
industry. Thus, different mixing/agglomeration/briquetting tests were carried out to prepare material 
with the appropriate compositional (chemical), mechanical and physical properties for the use in the 
siderurgical process as synthetic slag. Different mixtures of Haw with commercial calcium aluminate, 
cement and carboxymetil cellulose as a binder were prepared. Cylindrical briquettes of 50mm of 
diameter and 25 mm of height were obtained. We also studied the curing process, the thermal behavior 
of the briquettes and the emission of gasses during the process. This Know-How is owned by a tertiary 
aluminum industry. 
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Preparation of materials with siderurgical applications: 
synthetic slag
HAW Commercial aluminates Cement CMC
Briquetting and curing process
-Composition of briquette
-Curing conditions (time, temperature, humidity)
-Compression resistance
-Thermal behaviour
-Emission of gasses
F.A. López and A. López-Delgado. Technical Report Cenim. nº CT 1602. 2003  
 
 
A third process have studied with HAW is “vitrification”. 
  
Vitrification is a useful technology for the treatment of waste, used to render materials inert. But this 
seems to be only economically viable when the vitrified waste can be used in further applications.  
 
VITRIFICATION of HAW: CaO-Al2O3-SiO2
To immobilize HAW by incorporating the highest amount of waste
and adding the lowest amount of cheapest raw materials (sand and
lime)
“The higher the number of oxide components, the better it  is for  obtaining glass”
-the immobilisation of a multicomponent aluminium-rich waste, containing, MgO,
Fe2O3, ZnO, TiO2, CuO, in a glass, was envisaged as a novel and useful way to
value such waste.
-this glass system could yield devitrified glass-ceramic materials with interesting
properties: low expansion coefficient, good dielectric properties, high hardness and
abrasion resistance, thermal stability, etc.
objectives
To value HAW by the obtaining of homogeneous and stable calcium
aluminate glasses, useful for further technological applications
 
 
We selected CaO-Al2O3-SiO2 glass system because of the chemical composition of HAW, a variant 
of the binary calcium aluminate glass system, which has scarcely been studied in literature. In this 
system “The higher the number of oxide components, the better is the quality of the glass obtaining”. 
That was the reason why we envisaged that the immobilisation into a glass of a multicomponent 
aluminium-rich waste, containing MgO, Fe2O3, ZnO, TiO2, CuO, among other minor components, 
could be a novel and useful way to value such waste. 
  
In addition, a glass system such as CaO-Al2O3-SiO2 could yield devitrified materials or glass ceramic 
materials with interesting properties such as low expansion coefficient, good dielectric properties, high 
hardness and abrasion resistance and thermal stability, etc.  
 
Then, our objectives were:  
-To use the technology of vitrification to immobilize HAW by incorporating the highest amount of 
waste and, of course, by adding the lowest amount of raw materials (sand and lime were selected as the 
cheapest ones) and 
- To value HAW by obtaining homogeneous and stable calcium aluminate glasses, useful for further 
technological applications. 
Different glasses were produced by mixing HAW and only quartz sand and. HAW was the Alumina 
precursor, sand was SiO2 precursor and Lime was CaO precursor.   
“Industrial & Hazardous Waste Management Conference”    Aurora López-Delgado, CENIM-CSIC  
(Dubai, EAU , 8-9 nov. 2009)        
 
 
12 
 
Batch melting were carried out at 1500ºC. In the experiments, Alumina varied between 20-55%, lime 
between 40-80% and silica between 0-25%. 
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Ternary diagram for the CaO-Al2O3-SiO2
system showing the compositions prepared
and the glass-forming area.
HAW
SAND
LIME
Raw materials for vitrification
Glasses
(CaO-Al2O3-SiO2)
3(45-49-6)
5(45-45-10)
6(50-44-6)
7(45-40-15)
8(50-40-10)
9(40-35-25)
10(50-35-15)
11(65-35-0)
12(60-30-10)
13(50-25-25)
14(70-20-10)
 
 
In the figure we can see the ternary diagram for the CaO-Al2O3-SiO2 system showing the different 
compositions prepared. After analysing the results we can draw the glass-forming area shown here. 
This area was defined by the glassy or crystalline character of the materials obtained, confirmed by 
XRD. The area of glass formation comprises a huge zone in the diagram, this represents an advantage 
for the use of the waste as raw material for the glass industry. 
 
Glasses with variable composition as shown in the table were obtained, in which the content of HAW 
ranged between 48 and 77% of waste.  This is another advantage because makes it possible to use a 
high amount of waste to prepare glasses. 
 
pouring process
dark-green glass-pearls60 mm
10 mm
flexible glass-fiber
cooling
 
 
In this photograph we can see a moment of the pouring process and also the aspect of samples during 
the cooling. Glass ingots of 60x15x10 mm size, and pearls of around 10mm diameter were produced. 
We can also see the final aspect of the dark-green glass-pearls and also a flexible glass-fiber longer 
than 40cm, obtained during the process. 
 
Two thermal properties were studied: the linear expansion coefficient and the transition temperature. 
Thermal expansion coefficients (α) of glasses vary from 63x10-7 K-1 to 139x10-7 K-1. Glasses 
composed principally of aluminium oxide and calcium oxide are highly refractory and they have a 
high thermal expansion coefficient. 
The transition temperatures (Tg) of glasses produced ranged between 505 and 761ºC. A general Tg 
increase with the CaO percentage of glasses was observed.  
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Thermal properties 
-linear expansion coefficient, α:  63-139x10-7 K-1
-transition temperature, Tg : 505 -761ºC.
Mechanical properties
-microhardness , HV : 6.05-6.62 GPa
-toughness, KIC :0.8-1.3 MPa.m1/2
Density: 2.71-2.89 g.cm-3
Hydrolytic resistance (at 98ºC for 1h, standard UNE 43-708-75).
All samples resisted the chemical attack with boiling water, except two
glasses (number 11 and 14) which were prepared with the highest
CaO/Al2O3 ratio and with a low SiO2 content.
 
 
The microhardness of the glasses was determined by Vickers microindentation and the values range 
between 6.1 and 6.6 GPa. These values were seen to increase with Al2O3 content, as was to be 
expected in a mixed network progressively reinforced with Al2O3. The same tendency was observed 
in toughness (KIC), which varied between 0.8 and 1.5 MPa.m 1/2. The toughness also increases with 
the percentage of Al2O3, that is, with the percentage of HAW in the glass. 
The density values vary between 2.71 and 2.89 g.cm-3. In general, the higher the Al2O3 content the 
higher the density. 
 
The hydrolytic resistance of the glasses was studied in water at 98ºC for 1h, to determine their 
chemical resistance and the suitability for different applications. All samples resisted the chemical 
attack with boiling water, except two (numbers 11 and 14). These two glasses were prepared with the 
highest CaO/Al2O3 ratio and with a low SiO2 content.  
 
Then, we can conclude that Vitrification has demonstrated to be a suitable immobilisation procedure 
for such hazardous aluminium waste and one which employs very cheap raw materials such as sand 
and lime. Furthermore, the process does not generate waste. 
 
conclusions
• Vitrification has been shown to be a suitable immobilisation
procedure for aluminium hazardous waste.
• Very cheap raw materials (sand and lime) were added.
• No wastes are generated in the process.
• The ternary CaO-Al2O3-SiO2 system studied makes possible the
successful immobilisation of high proportions of the waste (up to
77% waste).
• Glasses show good thermal and mechanical properties and
excellent hydrolytical resistance.
• The wide glass-forming area, (with HAW a content range
between 48-77%) allows the preparation of various types of
glasses thus it conferring added-advantages for future
applications.
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A hazardous waste from secondary aluminium metallurgy as a new raw material for calcium aluminate glasses. A. López-Delgado, 
H.Tayibi, F.J. Alguacil and F.A.López J. Hazardous Mat A65 (1-3) 180-186 .2009  
 
The ternary system studied makes the successful immobilisation of high proportions of the waste (up 
to 77% waste) possible. 
But the most important thing, is that glasses show good thermal and mechanical properties, excellent 
hydrolytical resistance and a very wide glass-forming area, (with HAW content range between 48-
77%) which makes it possible to prepare various types of glasses, resulting in added-advantages for 
future applications.  
So this looks like a very good process to value the waste.   
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Furthermore, one of the applications of these glasses is you can obtain glass-ceramic materials, and so, 
we have started to study the production of glass-ceramics by devitrification of our glasses. 
 
 
The vitroceramic process consists of triggering the devitrification of glasses by means of a controlled 
nucleation and crystallization treatment. The crystallization temperature was determined by 
Differential thermal analysis and, in the figure we can see the DTA curves for several glasses. The 
crystallization temperatures ranged between 850-970ºC for all glasses. So, we obtained glass-ceramics 
as shown in the slide. The differences in color come from the composition of original glasses. The 
identification of the crystalline phases in the glass-ceramic was performed by X-ray diffraction and the 
quantification of those phases was carried out by the analysis of the diffraction profile using the 
Rietveld Method.  
 
glass-ceramic process
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In the slide four samples are included as examples. Thus we can see the results of Rietveld analysis for 
glass-ceramic obtained from several glasses and their corresponding morphological aspect obtained 
from scanning electron microscopy. As an example, for glass of composition 60-30-10, the 
devitrification produces calcium aluminate CA, Mayenite, gehlenite and bredigite in proportion of 56, 
24,13 and 7 % respectively. In the case of sample 50-44-6 the devitrification produced  Mayenite, CA 
and spinel in the proportion of 66,19 and 15% respectively. Gehlenite was the unique crystalline phase 
for glass-ceramic of composition 40-35-25. SEM images show the fractural surface of these glass-
ceramics. 
 
The results allow us to establish a relationship between the composition of the preceding glasses and 
the crystalline phases of the glass-ceramics, So, for the element which form the glass net-estructure as 
SiO2 and Al2O3 it was observed that,  in relation to 
?SiO2 content  
•  For high SiO2 content, the devitrification produces principally, silicate type gehlenite 
(2CaO.Al2O3.SiO2) and/or bredigite(14CaO.2MgO.8SiO2).  
• For SiO2 content between 10-15%,  the percentage of silicate phases after devitrification ranges 
between 20-30%.  
• For glasses with SiO2 content lower than 10%  silicate phases were not detected.  
And in relation to 
? Al2O3 content  
•  For   Al2O3  content, the devitrification  occurs through the formation of spinel type  phases 
(MgO.Al2O3). In this glass-ceramic, the presence of calicum aluminate type  phases,  CA and  
C12A7 was also found. 
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• For low Al2O3 content, the magnesium devitrified as a silicate phase (bredigite).  Bredigite and 
spinel do not coexist in the same material  
 
Relation between the original-glasses and  the crystalline phases of glass-ceramics:
?SiO2 content
• For high SiO2 content glass , the devitrification produces principally ,silicate type
gehlenite (2CaO.Al2O3.SiO2) and/or bredigite (14CaO.2MgO.8SiO2). 
•For SiO2 content between 10-15%,  the percentage of silicate phases after
devitrification ranges between 20-30%. 
•For glasses with SiO2 content lower than 10%  silicate phases were not detected. 
? Al2O3 content
• For high Al2O3 content, the devitrification occurs through the formation of phase type
spinel (MgO.Al2O3). In this glass-ceramic the presence of phase type calicum aluminate 
CA and  C12A7 were also found.
•For low Al2O3 content,  the magnesium devitrified as a silicate phase (bredigite).  
Bredigite and spinel do not coexist in the same material
A given glass-ceramic material can be designed according to the composition
of  the original glass
(obtención de vitroceramicos a partir de un residuo de aluminio y caracterización mediante DRX. A.López-Delgado, J.A. Jiménez, F.J. Alguacil y F.A.López. 
XLVIII Congreso Anual de la Sociedad Española de Cerámica y Vidrio. Oviedo (Asturias) octubre 2008. http://hdl.handle.net/10261/8191 )  
 
We have reached the very important conclusion, that a determined glass ceramics can be designed 
from the composition of the preceding glasses. This is a great advantage for obtaining glass ceramics 
from hazardous waste like HAW. 
 
Recently, we have started to develop a new and different process with the aim of looking for other 
possible uses of HAW, as I have mentioned throughout my speech.  
 
As we know, aluminium oxide and hydroxide are produced from bauxite ore. The world production is 
around 65 million tons and the use of these products is continuously increasing. Thus Aluminium 
oxides are used as food additives and in the manufacture of, for example, abrasives, refractories, 
ceramics, electrical insulators, catalysts, paper, spark plugs, light bulbs, artificial gems, alloys, glass 
and heat resistant fibres.  Aluminium hydroxide is also used widely in pharmaceutical and personal 
care products. Food related uses of aluminium compounds include preservatives, fillers, colouring 
agents, anti-caking agents, emulsifiers and baking powders, and a long less of products. 
Thus, we have developed a process to use Haw as a raw material in the synthesis of boehmite. 
 
Synthesis of boehmite from HAW
Boehmite: aluminium oxyhydroxyde , AlOOH.nH2O
Application : ceramics, composites, cement and derived-materials, paints, 
cosmetics. 
Traditional method of synthesis: hydrothermal process from inorganic 
aluminium salts of analytical grade (high purity)
HAW Boehmite
Inert residue
The European Directive on waste, 2008/98/EC, seeks to reduce the use of 
natural resources by means of secondary resource management.
 
 
Boehmite, an aluminium oxyhydroxyde is an important material for many industries such as ceramics, 
composites, cement and derived-materials, paints and cosmetics. Traditionally boehmite is synthesized 
in hydrothermal processes in which high purity inorganic aluminium salts are commonly used as raw 
materials.  
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The recent European Directive on waste, 2008/98/EC, seeks to reduce the use of natural resources by 
means of secondary resource management and so, research should be directed towards the use of 
wastes as raw materials.   
 
Our proposal in this sense was to synthesise boehmite from HAW. This means working towards the 
transformation of a waste into an “end-of-waste”, a new concept defined in the European Directive on 
waste. A low cost synthesis method was developed consisting of a low temperature hydrothermal 
process that achieves the recovery of 90% of the soluble aluminium contents in the waste. 
 
XRD  study
Reflections 2θ d(Ǻ)
020 12.934 6.839
120 28.097 3.173
031 38.674 2.326
051 49.505 1.839
002 64.121 1.451
Unit cell parameters: a=3.582 Å
b=13.678 Å 
c=2.902 Å
Crystallite size: 4.7 nm ? nanocrystalline
Characterization of boehmite
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Several characteristic of the boehmite obtained are shown in the slide. From XRD analysis we 
determined its crystallographic characteristic (the cell parameter and the crystallite size which is as low 
as 4.7 nm, this indicating that boehmite was obtained as a nanocrystalline material. The SEM 
micrograph, shows the morphology of boehmite which consists of homogeneous agglomerate of 
spherical particles with size ranges in the nanometer scale. 
 
Thermal studies carried out by Differential thermal analysis and thermogravimetric analysis showed 
that alumina can be obtained from boehmite at a temperature lower than 1000ºC. Conversion between 
alfa and gamma alumina can be attained by the thermal treatment of boehmite at different 
temperatures.   
 
conclusions
• Synthesis of bohemite: a low cost, low temperature
hydrothermal procedure.
• The 90% of soluble aluminium contained in HAW is
recovered as a added-value material.
• Nanocrystalline boehmite was obtained as unique phase, of
high purity (96%)? industrial applications.
• Different aluminium oxides can also be obtained through the
thermal treatment of bohemite.
• The process generates an inert solid residue which is
principally composed of quarzt, corundum, spinel, and which
can be used in other industries such as cement and glass.
• Besides, the process of synthesis makes it possible to
obtain an Al+3 solution as un intermediate stage, which can
be used for the synthesis of other products, apart bohemite,
such as calcium aluminate and alumina.
 
 
Then as a conclusion of this process we can say: 
 
Bohemite was synthesized by a low cost, low temperature  hydrothermal procedure from a hazardous 
waste. 
The 90% of the soluble aluminium contained in HAW is recovered as an added-value material.  
“Industrial & Hazardous Waste Management Conference”    Aurora López-Delgado, CENIM-CSIC  
(Dubai, EAU , 8-9 nov. 2009)        
 
 
17 
 
Nanocrystalline boehmite was obtained in a high purity (96%) unique phase and this makes it possible 
for use in industrial applications. 
Different aluminium oxides can also be obtained through the thermal treatment of bohemite. 
The process generates an inert solid residue which is principally composed of quarzt, corundum and 
spinel, which can be used in other industries such as cement and glass. 
And besides, the process of synthesis also makes it possible to obtain an Al+3 solution as an 
intermediate stage, which can be used for the synthesis of other products, apart from bohemite, such as 
calcium aluminate, aluminium hydroxide and alumina.  
As previously commented, the recent European Directive on waste, in an attempt to simplify the 
existing legal framework, has revised the 1975 Waste Framework Directive. The revision included 
three questions on waste, namely:  When and for how long does a substance become waste?, when is 
something a by-product of production rather than a waste? and is preparing a substance for re-use a 
form of waste management?.  
 
European Directive on waste, 2008/98/EC, seeks to reduce the use of natural 
resources by means of secondary resource management
When does waste cease to be waste?
The substance
is commonly
used for
specific
purposes
A market or
demand exists
for the
substance
The substance
fulfils the
techincal
requirements for
the specific
purposes and 
meets the existing
legislation and 
standars
applicable to
products
The use of the
substance or
object will not
lead to overall
adverse 
environmental or
human health
impacts
www.tcetday.com (R. Lee and H. Nash)
“end-of-waste”
 
 
This revision also seeks to reduce the use of natural resources through the secondary resources 
management, and includes a new status for waste, which is defined as “end-of-waste” and provides 
several conditions in order to clarify when a waste ceases to be waste.  
 
These conditions are: 
a)-the substance is commonly used for specific purposes 
b)-a market exists for the substance 
c)-the substance meets the technical requirements for the specific purposes and fulfils the existing 
legislation and standards applicable to products 
d)-the use of the substance will not lead to an overall adverse impact on environment or human health  
 
I have try to show you, througout my speech, several types of recovery solutions for a hazardous 
waste, which included: 
 
- A stabilization process which makes it possible to obtain inert material or building material 
 
- A mixing/briquetting process which makes it possible  to prepare synthetic slag for siderurgical 
application  
- A vitrification process which makes it possible to produce glasses 
 
- A devitrification process which permit us to obtain glass-ceramic 
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- And finally, a hydrothermal process which makes it possible to obtain boehmite and related-
materials such as alumina and aluminates. 
 
Hazardous
Aluminium 
Waste
(HAW)
Devitrification
Boehmite
Iron & steel
making
Glasses
Glassceramics
?Alumina
?Aluminates
summary Inert material / building material
 
 
The up-scaling of some of these solutions could mean that HAW was defined as an End-of-Waste. 
 
There is no doubt that industry in general and the aluminium industry, in our particular case, has to 
face significant challenges from the demands of both the market and society. This means a continuous 
development in innovation, side by side with the protection of the environment to achieve a sustainable 
framework.  
 
The research community must provide the industry with a wealth of technological solutions to 
overcome these challenges.  
 
My speech today was designed to show the contribution of my research group to achieving this aim. I 
hope I have been able to do it. 
 
The next two slides include several of our works related to Aluminium hazardous waste. 
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Thanks very much for your attention, and let me finish with this sentence that I heard somewhere: 
 
Whereas primary raw materials are finite, there is no end to the recycling of metals. Then 
“‘Recycling is the only natural resource that will grow, Recycling does not decline’  
 
